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via a Long, Flexible TetherLinas Urnavicius, Scott A. McPhee, David M. J. Lilley, and David G. Norman*
Nucleic Acid Structure Research Group, The University of Dundee, Dundee, United KingdomABSTRACT Fluorescence resonance energy transfer (FRET) is an important source of long-range distance information in
macromolecules. However, extracting maximum information requires knowledge of fluorophore, donor and acceptor, positions
on the macromolecule. We previously determined the structure of the indocarbocyanine fluorophores Cy3 and Cy5 attached to
DNA via three-carbon atom tethers, showing that they stacked onto the end of the helix in a manner similar to an additional base-
pair. Our recent FRET study has suggested that when they are attached via a longer 13-atom tether, these fluorophores are
repositioned relative to the terminal basepair by a rotation of ~30, while remaining stacked. In this study, we have used
NMR to extend our structural understanding to the commonly used fluorophore sulfoindocarbocyanine-3 (sCy3) attached to
the 50-terminus of the double-helical DNA via a 13-atom flexible tether (L13). We find that L13-sCy3 remains predominantly
stacked onto the end of the duplex, but adopts a significantly different conformation, from that of either Cy3 or Cy5 attached
by 3-atom tethers, with the long axes of the fluorophore and the terminal basepair approximately parallel. This result is in close
agreement with our FRET data, supporting the contention that FRET data can be used to provide orientational information.INTRODUCTIONFluorescence can be used to provide distance information,
on the molecular scale, by the measurement of fluorescence
resonance energy transfer (FRET) between donor and
acceptor fluorophores, providing important information on
the structure and dynamics of macromolecules (1), particu-
larly nucleic acids (2–5). The indocarbocyanine fluoro-
phores are frequently used for this purpose, especially the
cyanine 3 (donor) - cyanine 5 (acceptor) combination. In
these experiments they will be tethered to specific points
on the macromolecule. For nucleic acids this is frequently
the 50-terminus of a particular strand, and there are two
main ways of achieving this objective. They may be coupled
as phosphoramidites during synthesis, generally attaching
the fluorophore via a three-carbon atom tether. Alter-
natively, they may be coupled postsynthetically via a
6-carbon-NHS linker, to a primary amine group that is itself
covalently coupled to the 50-terminus via a 6-carbon poly-
methylene chain, resulting in a much longer, potentially
more flexible tether.
FRET is the transfer of excitation from the donor to the
acceptor fluorophore due to dipolar coupling between the
transition moment vectors of fluorophores. The efficiency
of FRET (EFRET) as a function of fluorophore separation
(R) is given by (6):
EFRET ¼ 1
1þ

R
R0
6 (1)Submitted November 20, 2011, and accepted for publication January 3,
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0006-3495/12/02/0561/8 $2.00where R0 is the distance at which energy transfer is 50% effi-
cient. R0 depends upon the spectroscopic properties of the
fluorophores and the medium, given by
R60 ¼
0:529 k2FD JðlÞ
N n4
(2)
where the units of R0 and the wavelength l are cm. FD is the
quantum yield of the donor, N is the Avogadro number, n is
the index of refraction of the medium, and J(l) is the spec-
tral overlap between donor emission and acceptor absorp-
tion. Although measurement of interfluorophore separation
distance is the goal of most single-molecule FRET studies,
EFRET is also a function of fluorophore orientation. k
2 in
Eq. 2 describes the relative orientation of the fluorophores.
It is given by
k2 ¼ ðcos qT  3 cos qD cos qAÞ2 (3)
where the angles qT, qD, and qA describe the relative orien-
tation of the donor and acceptor transition dipole moments.
Ignorance of this term can potentially lead to incorrect esti-
mations of distances (7–9). If the fluorophores undergo
isotropic reorientation within the excited state lifetime of
the donor then k2 ¼ 2/3 (8). In many studies this simplifica-
tion is assumed to apply, but in some cases it may not be
justifiable. For constrained fluorophores k2 can take values
between 0 and 4, or between 0 and 1 if the transition
moments are coaxial and constrained to parallel planes.
When cyanine fluorophores are terminally attached to nu-
cleic acids this becomes an important issue. FRET experi-
ments had previously suggested that Cy3 attached to the
50-terminus of double-stranded DNA via a three-carbon
tether (termed L3-Cy3) was located close to the helical
axis. Structure determination by NMR showed thatdoi: 10.1016/j.bpj.2012.01.001
FIGURE 1 Chemical structure and attachment of L13-sCy3 used in this
study. (A) The sequence and fluorophore position for the DNA used in this
study. (B) Chemical structure and numbering scheme of sCy3 and tether.
562 Urnavicius et al.L3-Cy3 was predominantly stacked onto the end of the helix
in the manner similar to an additional basepair (10). We later
used NMR to show that Cy5 equivalently tethered to DNA
(termed L3-Cy5) was similarly stacked (11). These results
strongly suggest that the donor-acceptor pair Cy3 and Cy5
tethered in this manner would exhibit a significant orienta-
tion dependence. This was demonstrated experimentally
by measurement of FRET efficiency in a series of DNA
and DNA-RNA duplexes of systematically varied length.
EFRETwas found to be modulated with length, with a period-
icity that depended on the structure of the helix (11). The
results could be fully explained on the basis of terminally
stacked fluorophores, with a degree of lateral mobility about
the mean positions determined by NMR.
This result indicates that the assumption that k2 ¼ 2/3 is
not valid for the cyanine fluorophores tethered in this
manner, and that any distances calculated on that basis
will be suspect. However, it might have been thought that
the observed orientation resulted from the short tether
used, and that if a longer, more flexible, tether was used
then perhaps orientation would no longer be significant.
We therefore repeated the measurement of EFRET for
a DNA duplex series with sulfoindocarbocyanine-3 and -5
fluorophores attached as N-hydroxysuccinimide esters to
C6-linked amino groups generating a total tether length of
13 atoms (termed L13-sCy3 and L13-sCy5) (12). Surpris-
ingly, we found that EFRET was strongly modulated as the
length of the helix was varied, and the data could again be
well explained by a model in which both fluorophores
were terminally stacked, with a degree of lateral mobility.
However, in contrast to the data for the L3-Cy3 - L3-Cy5
pair, those for the L13-sCy3 - L13-sCy5 pair exhibited
a phase shift that required that the mean position for each
fluorophore would be rotated by ~30, such that the long
axes were now parallel to those of the terminal basepairs
on which they were stacked.
In this work, we have set out to study the structure of
a symmetrical DNA duplex with L13-sCy3 fluorophore
attached at each end (Fig. 1). This would test the conclusion
from the analysis of the FRET data for the duplex series, and
also test our earlier claim that such FRET experiments could
be used to provide information on orientation. Our results
confirm that the L13-sCy3 is predominantly stacked onto
the end of the DNA helix, and that its axis is indeed close
to parallel with that of the terminal basepair, providing
optimal stacking by positioning the cyanine methyl groups
in the major groove.MATERIALS AND METHODS
Construction of DNA duplexes for NMR studies
DNA oligonucleotides were synthesized using cyanoethyl phosphoramidite
chemistry (13) with a C6 amino modifier (Link Technologies, Bellshill, UK)
coupled as a phosphoramidite in the final step of the synthesis with the 50
monomethoxytrityl retained. The DNA was cleaved from the column andBiophysical Journal 102(3) 561–568base deprotected using 35% ammonia in water. The partly deprotected
product was then applied to a Glen-Pak cartridge (Glen Research, Sterling,
VA) for partial purification and removal of monomethoxytrityl, eluted and
then further purified by reversed-phase HPLC (Ace C18-300, Buffer A:
0.1 M TEAA pH 7.0, buffer B MeCN, 1 mL min1, 0–12 min 0–20% B,
12–32 min 20–30% B, elution 15 min.) After ethanol precipitation the
product was resuspended in 0.1 M sodium tetraborate pH 8.5 to give a stock
solution of 1.37 mM and added to a 21 mM dimethyl sulfoxide solution of
Cy3 N-hydroxysuccinimide ester (GE Healthcare, Amersham, UK) in a 1:3
molar ratio (DNA/Cy3-NHS ester) and allowed to react overnight. The
reaction mixture was precipitated and then purified using reversed-phase
HPLC (elution time 17 min) giving estimated labeling efficiency of 95%.NMR spectroscopy and structure determination
Sample preparation
Labeled DNAwas desalted using Nap-25 (Sepadex G-25 DNA grade from
GE Healthcare) and ion exchanged into sodium ion form. Samples for NMR
spectroscopy were dissolved in 0.6 mL of 0.1 M NaCl, 10 mM phosphate
buffer, and 1 mM EDTA, in either 99.96% D2O or 90% H2O/10% D2O
(v/v) at pH 7.0. Samples were either 46 OD A260 in D2O or 27 OD A260
units in H2O.
NMR experiments
All NMR data were acquired using a Bruker Avance 800 NMR (Bruker,
Coventry, UK) spectrometer equipped with a cryoprobe. For the D2O
sample, a series of NOESY spectra were acquired at 14C, with mixing
times of 50, 75, 100, 150, and 250 ms. The sweep width used was 10.00
ppm with o1 at 4.762 ppm. A relaxation delay of 1.4 s was used with 24
scans per experiment. Residual water suppression was achieved using
presaturation. Time domain F2 was 4096 and F1 768. In addition, phase-
sensitive COSY data were acquired. For the sample in H2O a NOESY
experiment was performed at 2C, with a mixing time of 250 ms.
NMR Structure of L13-sCy3-Labeled DNA 563Data processing and analysis
NMR data were processed using TopSpin (Bruker), and the spectra were
analyzed and assigned using CCPN (14). NOE crosspeaks were quantified
using Felix (Felix NMR, San Diego, CA) at 5 mixing times on the data
acquired from the sample in D2O. The COSY experiments were used
only for assignment purposes. Spectra taken in H2O buffer were assigned
and analyzed qualitatively.
Structure determination
Structures were calculated using restrained molecular dynamics (MD)
within the program X-PLOR-NIH version 2.28 (15). B-form DNAwas con-
structed using Web 3DNA (16). L13-sCy3 coordinate, parameter and
topology files were extrapolated from those used for L3-Cy3 (10). Initially,
50 starting coordinate files for double-stranded DNA with L13-sCy3 on
both ends were generated within PyMol (17) by placing the dye in random
orientations ~12 A˚ away from the terminal basepair of the DNA. Starting
structures were subjected to a short period of MD and energy minimization
in the absence of experimental restraints, but with oligonucleotide confor-
mation fixed, to generate a family of 50 starting structures. Structural refine-
ment was carried out in several phases using direct application of full
relaxation matrix refinement (18), utilizing the volume-integral measure-
ments from all resolvable NOESY crosspeaks obtained at all mixing times.
In the first stage, the L13-sCy3 was refined in the absence of the L13 tether,
with the DNA restrained by a harmonic function to prevent significant fluc-
tuation from standard B-form DNA conformation. The harmonic restraints
were relaxed on the two terminal basepairs and removed from 50-terminal
sugar. Because of symmetry, at the end of this stage 100 unique structures
were produced for the L13-sCy3-DNA interface, of which a family of 43
unique structures were selected based on the total and relaxation energy
values (only energies arising from the Cy3 and the terminal basepairs
were considered). These 43 structures were used to refine the full fluoro-
phore structure, including the tether. Tether atoms were added using unre-
strained MD, from random starting coordinates and full relaxation matrix
refinement was repeated on these coordinates using harmonic restraint to
hold the structures of the DNA and the refined portions of the fluorophore.
An average structure was calculated and minimized, again using full
relaxation restraints.
Simulation of FRET efficiency from NMR structure
The experimental dependence of FRET efficiency as a function of duplex
length was simulated on the basis of the NMR-derived structure of L13-
sCy3 attached to DNA. In the absence of structural data for L13-sCy5 we
assume that this fluorophore will be structurally equivalent to L13-sCy3,
and therefore use it for both ends of the modeled duplexes. We constructed
computer models of a series of DNA duplexes in w3DNA (16), with the
termini based on the NMR-derived fluorophore structure. The transition
dipole moment vectors were approximated by the vector linking the indole
N atoms, based on our earlier quantum mechanical calculations (11). Using
a program written in MATLAB (The MathWorks, Natick, MA), we took the
coordinates of the four N atoms (i.e., two in each of the two fluorophores) as
input to calculate the value of EFRET, allowing the fluorophores to undergo
lateral motion as previously deduced (12). From our fluorescence lifetime
measurement of Cy3 attached to dsDNA by the 13-atom tether we know
that a fraction of the fluorophores are unstacked, such that half the mole-
cules should have one or both fluorophores unstacked at a given time
(12). This fraction of the molecules was assigned a value of k2 ¼ 2/3.
For the remaining fraction both fluorophores were placed according to
the new NMR-derived structure, with lateral flexibility about the mean rela-
tive angle measured from the NMR-based model. For each duplex length k2,
R0, and thus EFRETwere calculated for a distribution of angles either side of
the mean. These values were then weighted, by a Gaussian distribution of
given halfwidth. The weighted values of EFRET were then averaged to
give the mean value for that duplex length. This was repeated for each
length (between 10 and 24 basepairs), plotted as a function of duplex length,and compared to the experimental data. The only variable parameters in this
analysis were the fraction of unstacked cyanine fluorophore, and the half-
width for the lateral mobility.RESULTS
L13-sCy3-Conjugated DNA used for NMR studies
The self-complementary oligonucleotide 50-CCACTAGT
GG-30 with sulfoindocarbocyanine-3 attached via a 13-atom
tether at the 50-terminus was chemically synthesized. The
sequence was chosen to be directly comparable with that
used in the previous determination of the structure of
L3-Cy3 and L3-Cy5 on DNA (10,11). The numbering
system for the DNA nucleotides and L13-sCy3 atoms is
shown in Fig. 1.Assignment of DNA proton resonances
The nonexchangeable protons in the L13-sCy3-conjugated
DNA were assigned primarily by examination of the
base to H10 crosspeaks in the 250 ms NOESY spectra
(Fig. 2 B). It was possible to assign the DNA proton reso-
nances of the L13-sCy3-conjugated DNA, without assuming
the identity of any peaks derived from the L13-sCy3 adduct.
The spectra showed a typical base to H10 NOE pattern,
expected for a B-form double helix. Exchangeable protons
were assigned from a NOESY spectrum acquired in H2O
at 2C. Assignments were made by comparison with the
nonexchangeable resonances and by imino proton NOE
connectivity.
A comparison of base proton chemical shifts, between the
unconjugated oligonucleotide (10) (11) and oligonucleotide,
derivatized with either L3-Cy3 or L13-sCy3 showed a signif-
icant difference in the terminal basepair (most prominent in
G10) (Fig. 3) indicative of a change in the stacking of the
fluorophore compared to that observed with L3-Cy3. The
chemical shifts of assigned protons from L13-sCy3-conju-
gated oligonucleotide are presented in Table 1.Assignment of L13-sCy3 proton resonances
The Cy3 molecule comprises two indole ring systems con-
nected by a planar trimethyne linker. The L13-sCy3 is
covalently connected to the terminal 50-phosphate of the
DNA via a 13-atom tether joined at position N90, contain-
ing an amide bond at its center. The pseudosymmetrical
position, N9 of the distal indole ring, has a 2-carbon
substituent attached, that we term the pseudotether. Unlike
L3-Cy3, L13-sCy3 has sulfonate groups in the 1 and 10,
ring positions. Therefore, only two intense crosspeaks
were observed in COSY and NOESY spectra in the region
where indole proton resonances were expected, from refer-
ence to previous studies (10). Having tentatively assigned
four resonance peaks to the indole ring protons (2, 3,
20, 30), based on COSY spectra, the remaining protonBiophysical Journal 102(3) 561–568
FIGURE 3 Changes in chemical shift between base proton resonances
(H8 or H6) in unconjugated and fluorophore-conjugated DNA. Solid line:
L3-Cy3-DNA. Broken line: L13-sCy3-DNA.
FIGURE 2 NMR NOESY spectrum of the L13-sCy3-labeled DNA
duplex. Selected regions, of a 250 ms NOESY spectrum, recorded in
D2O at 14
C. (A) The DNA base to methyl region. (B) The DNA base to
H10 region. The base to H10 connectivities are represented by broken lines
and assignments indicated on the intraresidue NOE crosspeaks. (C) The
aromatic region of the two-dimensional NOESY spectrum, showing reso-
nance positions of the two sCy3 indole ring systems and assignments on
selected crosspeaks.
564 Urnavicius et al.crosspeaks of the indole rings (6 and 60) were identified
based on NOE interactions with neighboring methyl
groups, at ~1.5 ppm, and the other indole protons. The
assignment of the spin systems between the indole rings,
the tether, and pseudotether was achieved by a combination
of NOESY and COSY observations. The tether protons
being largely in the form of CH2 were not stereospecifi-
cally assigned, although we accounted for all of them.
Some of the tether resonances were split indicating the
presence of alternative but relatively stable conformations
on the NMR timescale.Biophysical Journal 102(3) 561–568Structure determination and analysis
Previous studies of FRET efficiencies between L13-sCy3
and L13-sCy5 in a series of DNA duplexes between 10
and 24 bp in length revealed a modulation of FRET
efficiency with length consistent with an orientational
dependence of EFRET. Modeling of these data using a model
equivalent to that used in previous studies with L3-Cy3 and
L3-Cy5 labeled systems (19) was indicative of a similar
stacking of the fluorophores on the terminal basepairs, but
to fit the observed phase of the modulation it was necessary
to reorient the fluorophores by 30 so that the long axis of
the fluorophores was now approximately parallel to that of
the terminal basepairs on which they were stacked.
An altered stacked position of L13-sCy3 was also sug-
gested by changes in the chemical shifts of the distal and
proximal methyl groups (7 and 70), in addition to those of
the DNA protons. It was also noted from the NOESY spec-
trum acquired in H2O that the terminal imino proton,
although broader than internal imino protons, exhibited
a significant NOE to neighboring imino protons, implying
considerably greater protection from exchange with solvent
water compared to that observed in previous studies on the
L3-Cy3-DNA species (Fig. 4).
The structure of the L13-sCy3-DNA adduct was deter-
mined using MD, restrained against a full relaxation matrix
populated in part by NOE buildup measurements derived
from multiple mixing times. As in previous studies, the
DNA was assumed to adopt a largely standard B-form
conformation and only the terminal basepair and the cyanine
dye components were freely refined. Refinement strategies
were designed to determine the conformation of the
TABLE 1 Assignments and chemical shifts (ppm) of the protons of the DNA and attached L13-sCy3
L13-sCy3-conjugated DNA (50-L13-sCy3-CCACTAGTGG-30)
H2 7.86 H20 7.75 H140 1.15/1.25 H240 3.96
H3 7.38 H30 7.02 H150 1.54/1.60 H140 1.15/1.25
H6 7.84 H60 7.80 H160 2.01/2.16 H150 1.54/1.60
Me7a 1.41 *Me7a0/Me7b0 *1.57/1.61 H180 8.14 H240 3.96
Me7b 1.54 H190 3.09/3.18
H10 6.02 H100 6.09 H200 1.48
H11 8.21 H210 1.36
H12 3.99 H120 3.79/3.99 H220 1.45
H13 1.26 H130 1.68 H230 1.72
DNA H8/H6 H2/H5/Me H10 H20 H200 H30 H40 H50 H500 H1/H3 H4a H4b
C1 7.72 5.92 5.75 2.00 2.37 4.75 4.07 4.05 – – 8.23 7.19
C2 7.57 5.75 5.41 2.17 2.42 4.88 4.13 4.06 3.88 – 8.61 7.09
A3 8.35 7.79 6.28 2.83 2.95 5.09 4.48 4.08 4.20 – – –
C4 7.34 5.28 5.82 1.98 2.49 4.71 4.24 4.21 4.35 – 8.11 6.85
T5 7.39 1.64 5.69 2.15 2.52 4.91 4.16 4.11 4.18 13.75 – –
A6 8.26 7.17 6.07 2.78 2.92 5.08 4.46 4.11 4.19 – – –
G7 7.66 – 5.86 2.48 2.71 4.94 4.43 4.24 4.29 12.72 – –
T8 7.15 1.33 5.76 1.93 2.34 4.87 4.19 4.13 4.22 13.84 – –
G9 7.87 – 5.63 2.67 2.72 5.00 4.35 4.04 4.12 13.01 – –
G10 7.61 – 5.87 1.64 1.68 4.42 4.18 4.01 4.16 13.20 – –
*No unique assignment.
NMR Structure of L13-sCy3-Labeled DNA 565L13-sCy3 relative to the B-DNA, only allowing for limited
structural change in the terminal basepair.
DNA, fluorophore, and tether protons were almost com-
pletely assigned.A total of 331NOEbuildupsweremeasured
by volume integration of crosspeaks from spectra at five
different mixing times. Because the aim of this work was to
determine the structure of the fluorophore in relation to the
terminal basepair of the DNA, the number of NOE buildups
that could be reliablymeasured between theDNAand the flu-
orophore were critical. Although almost complete assign-
ment of the spectra was possible, overlap of crosspeaks
prevented many NOE buildups from being incorporated
into the refinement. 12 NOE buildups between the fluoro-
phore and the DNA could be accurately measured (Fig. 5
and Table 2). The long tether present in L13-sCy3 presented
particular problems in the refinement. The nonstereospecificFIGURE 4 NOESY spectrum acquired in H2O at 2
C. The position of the
diagonal imino proton peaks and the off-diagonal sequential imino-imino
crosspeaks are indicated.assignment of most of the tether protons limited the value of
such restraints. After initial trials it was decided to refine the
position of the fluorophore on the DNA in the absence of
linker initially, and then to add in the tether under restraint
before finally performing restrained minimization on the
complete assembly. This approach facilitated the efficient
discovery of a low energy ensemble of final structures. It
should be noted that the positions of the fluorophores deter-
mined by NMR will represent only a single conformation
of the stacked form of the fluorophore, while acknowledging
that a number of studies have shown that cyanine fluoro-
phores that are terminally attached to double-stranded
nucleic acids can undergo both unstacking and lateral
motions, and that these dynamic properties can be influenced
by the nature of the terminal basepair (20–22). Structures
refined from NMR data usually overestimate more compactFIGURE 5 Final minimized-average structure of L13-sCy3-DNA, with
the tether not shown. Only the terminal basepair of the DNA is shown
with lines to indicate the NOE interactions used in the refinement.
Biophysical Journal 102(3) 561–568
TABLE 2 NOE buildup assignments used in the refinement of
L13-sCy3-DNA
DNA L13-sCy3
G10 H10 H13
C1 H40 H30
G10 H10 H3
C1 H40 H20
C1 H50 H20
G10 H8 H2
C1 H6 H30
G10 H8 H12
C1 H5 H30
G10 H8 H7a
G10 H8 H13
G10 H8 H3
Data illustrated in Fig. 5.
566 Urnavicius et al.forms and underestimate more dynamic, less compact
forms. The structure studied here undoubtedly exhibits the
same bias. Unstacked forms of the fluorophore will not
contribute NOE interactions between itself and the under-
lying DNA. Lateral motion will, most likely, result in NOE
interactions that cannot be wholly accounted for by a single
tightly defined ensemble of structures. Despite this, the
structure determined here makes stereochemical sense and
also allows the successful back calculation of the orientation-
ally sensitive FRET that incorporate estimates of unstacking
and lateral motion (see below).Refined structure of L13-sCy3
After refinement of thefluorophoreposition, followedbyaddi-
tion of the linker and further refinement against all NOE inte-
grals, the final minimized average structure showed the
fluorophore to be stacked on the terminal basepair with mini-
mal rotation relative to the terminal basepair (analogous to the
twist angle between successive basepairs) of 3 measured
between G10N9- C1N1-N90- N9). By comparison, the rota-
tions previously estimated from NMR studies of L3-Cy3 and
L3-Cy5 attached toDNA (10,11) are 27 and 34 respectively,
values much closer to the standard 34 twist of DNA. The flu-
orophore is translated to the major groove side of the terminal
basepair, allowing themethyl groups at positions 7a and 7b0 to
fit at the side of the basepair thereby allowing the planar body
of the fluorophore to make close contact to the terminal base-
pair. In this refined structure the planar body of the fluorophore
is only 3.6 A˚ above the plane of the terminal basepair, a
distance that is very close to the basepair rise observed in
B-form DNA, and contrasts with the 5 A˚ rise found in the
structures of L3-Cy3 and L3-Cy5 attached to DNA. The
greater freedom, provided by the longer tether, has apparently
allowed the fluorophore to adopt a stacked position that
appears more stereochemically optimal, with the downward
facing methyl groups accommodated in the major groove.
From the family of final structures (Fig. S1, a–e, in the
Supporting Material), the coordinate root mean-square devi-Biophysical Journal 102(3) 561–568ation for the sCy3 heavy atoms (not including the rotatable
oxygen atoms of the SO3
 groups) was 0.335 A˚ and the
coordinate root mean-square deviation for the heavy atoms
of the tether was 1.286 A˚. Superimposition was made onto
the average structure using only the central DNA basepairs.
The coordinate deviation data indicate a system in which
sCy3 heterocycle is well-defined relative to the DNA, but
with the tether exhibiting much greater variability. How
much of the greater variability of the tether is due to the
lack of stereo-specific restraints, and how much reflects
a real molecular flexibility is uncertain. However, the rela-
tively broad crosspeaks observed, indicate that the tether
is probably less well structured than the sCy3 heterocyclic
region or the underlying DNA.Comparison between short and long linker Cy3
The separation between the planes of L13-sCy3 and the
terminal basepair of the DNA is ~3.6 A˚, which is almost the
same as the basepair rise observed in B-form DNA. Both
indole rings are partially stacked on the major groove edge
of the terminal basepair. The two pendant methyl groups of
the fluorophore are accommodated in the major groove,
thereby improving van der Waals interaction between the
DNA-proximal face of the fluorophore and the terminal base-
pair. NMR analysis of the structure of L3-Cy3 attached to
DNA had previously revealed a significantly different stack-
ing interaction (10), much more like an extra basepair, with
a ~30 angle between the long axes of the fluorophore and
the terminal basepair making much less favorable stacking
interactions due to the steric interference of the pendant
methyl groups. The resulting difference between these two
forms of Cy3 is a change in orientation of ~30 with respect
to the terminal basepair. The tethers in these two forms are
very different in length and therefore must adopt completely
different paths between the terminal phosphodiester and the
attachment point on the indole ring. The L3 tether adopts
a conformation very close to that of a ribose ring as it links
thefluorophore to theDNA; the samenumber of carbon atoms
being present in each case. The L13 tether might be expected
to provide greater flexibility than the L3 tether. However, it
appears to be more constrained in that it has to make two
very tight turns to link to the indole ring while allowing the
planar fluorophore to occupy a suitably low-energy stacked
structure on the terminal basepair. The resultant L13 linker
conformation is an elegantly close-packed structure.The new structure is consistent with the
previously acquired FRET data
With the refined structure of L13-sCy3 in hand, we can now
model the structures of the 10–24 bp duplexes labeled with
L13-sCy3 and L13-sCy5 and calculate the expected FRET
efficiencies to compare with our earlier experimental data.
For this purpose we make the assumption that L13-sCy5
NMR Structure of L13-sCy3-Labeled DNA 567will adopt the same position as L13-sCy3, and we calculate
the mean angle subtended between the two transition dipole
vectors for each member of the series, each approximated by
the vector linking the indole N atoms. On the basis of our
fluorescence lifetime measurements (12), we assume that
half the molecules will have one or both fluorophores un-
stacked, and will have an orientation parameter k2 ¼ 2/3.
For the remaining fraction where both fluorophores are
stacked, both L13-sCy3 and L13-sCy5 were allowed lateral
flexibility and k2 was calculated for each point. An average
for EFRET was then calculated that was weighted by a
Gaussian distribution, corresponding to a Boltzmann popula-
tion of angles where the angular displacement from the mean
value obeys Hooke’s law. The resulting values of EFRET as
a function of duplex length were compared to the experi-
mental data, shown in Fig. 6. The values calculated on the
basis of the NMR structure fit well with those measured in
the FRET experiments. In particular, the phases of the
FRET modulation are in good agreement, and significantly
different from that of the data obtained using L3-Cy3 and
L3-Cy5, attached by the shorter tethers (the best simulation
for the short-tether data is shown by the broken line in Fig. 6).DISCUSSION
In this study, we have used NMR to determine the position
of sulfoindocarbocyanine-3 attached via a potentially flex-
ible 13-atom tether to the 50-terminus of double strandedFIGURE 6 Back calculation of FRET efficiencies using the NMR-
derived structure of the L13-sCy3 fluorophore. Experimentally, EFRET
was measured for a series of DNA duplex species of lengths between 10
and 24 bp, each labeled with L13-sCy3 and L13-sCy5. These data are
plotted as a function of helix length (open circles) along with a simulation
(solid line) based on B-form helical geometry, as described previously (12).
The corresponding simulation for FRET data obtained with L3-Cy3 and L3-
Cy5 is plotted (broken line) (19). The marked phase shift results from the
angular reorientation of the fluorophores with the different length tethers.
Values of EFRET were calculated from molecular models constructed on
the basis of the NMR structure of the L13-sCy3 DNA with the inclusion
of lateral mobility, as explained in the text and plotted (black circles).DNA. This structural analysis shows that the fluorophore
is predominantly stacked onto the terminal basepair at the
end of the helix, but that it is rotated by ~30 compared to
indocarbocyanine-3 and -5 attached via shorter, 3-carbon
atom tethers (Fig. 7). The significance of this work lies
entirely in its relevance to FRET studies of nucleic acids,
where the cyanine fluorophores are extensively used as
donor-acceptor pairs, especially in single-molecule studies.
Broadly speaking, there are two potential alternative
strategies to the extraction of distance information in macro-
molecules using FRET, free of uncertainty in the orientation
parameter k2. The first is to attach both fluorophores flexibly
and then assume that k2 ¼ 2/3. Using fluorescein, for
example, is probably a good assumption. However, the
very flexibility of the fluorophore means that the point of
reference is not known precisely and must be estimated
using a computational approach (23). The second approach
is to use fluorophores that have fixed positions on the
macromolecule. In this case the point of reference is now
known, but any assumption of k2 ¼ 2/3 is unjustified.
Progress with this approach requires a knowledge of theFIGURE 7 Comparison of the positions of L13-sCy3 (A and C) and
L3-Cy3 (B and D) stacked onto the terminal basepair of DNA. The basepair
shown using space-filling spheres, whereas the fluorophores and their
tethers are depicted in stick representation. A and B are viewed down the
DNA axis, showing the stacking arrangement and the angular relationships
between the fluorophores and the DNA bases. C and D show a side view
illustrating the closer stacking arrangement of L13-sCy3 compared to
that of L3-Cy3.
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tion of k2. The NMR study of L13-sCy3 now allows us to
do just that.
In our initial studies, we chemically coupled the cyanine
fluorophores as phosphoramidites, generating three-carbon
atom tethers. NMR studies showed both Cy3 (10) and Cy5
(11) tethered in this manner to be terminally stacked, consis-
tent with FRET studies in DNA and RNA duplex series (19).
This might have been a result of a constraint imposed by the
short tether, and we felt it possible that use of a longer tether
would result in flexible attachment. However, FRET anal-
ysis of a DNA duplex series with L13-sCy3 and L13-sCy5
revealed a modulation of EFRET with distance indicative of
terminally stacked fluorophores (12), and we have now
confirmed this by direct structural study of L13-sCy3
attached to double-stranded DNA. It is clear that there is
an intrinsic propensity of the indocarbocyanine fluorophores
to stack onto the end of the helix, which is not a result of the
manner of tethering. Thus, k2 ¼ 2/3 is not a safe assumption
using these fluorophores. However, if the positions and
dynamics of the fluorophores are known and the average
orientation of the transition dipoles can be computed, the
second approach to the analysis of FRET is possible. In light
of this NMR study coupled with our FRET studies of DNA
duplexes, this is now the case.
Given a good understanding of fluorophore position and
dynamics, we have proposed that it is now possible to obtain
angular information in FRET studies of nucleic acids. Anal-
ysis of the DNA duplex series with the L13-sCy fluoro-
phores before the NMR study was initiated clearly showed
a reorientation on the end of the helix so that the long
axes of the fluorophores and the terminal basepairs were
close to parallel. This has now been directly confirmed by
the structural analysis using NMR. This is proof of principle
that we can successfully extract information on orientation
by FRET analysis. Moreover, if we can confidently analyze
fluorophore orientation, this in turn provides great accuracy
and confidence in distances calculated on the basis of FRET
measurements. We are now extending this approach to the
analysis of bent duplex species and helical junctions in
DNA and RNA, where orientational information is essential
for a full structural understanding.
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